The Advisory Committee on Immunization Practices recommends a single dose of herpes zoster (HZ) vaccine in persons aged 60 years or older, but the efficacy decreases to zero after approximately 10 years. A booster dose administered after 10 years might extend protection, but the cost-effectiveness of a booster strategy has not been examined. OBJECTIVE: We aimed to determine the optimal schedule for HZ vaccine DESIGN: We built a Markov model to follow patients over their lifetime. From the societal perspective, we compared costs and quality-adjusted life years (QALYs) saved of 11 strategies to start and repeat HZ vaccine at different ages. SUBJECTS: Adults aged 60 years. INTERVENTION: HZ vaccine. MAIN MEASURES: Costs, quality-adjusted life years (QALYs), and incremental costs per QALY saved. KEY RESULTS: At a $100,000/QALY threshold, "vaccination at 70 plus one booster" was the most cost-effective strategy, with an incremental cost-effectiveness ratio (ICER) of $36,648/QALY. "Vaccination at 60 plus two boosters" was more effective, but had an ICER of $153,734/QALY. In deterministic sensitivity analysis, "vaccination at 60 plus two boosters" cost < $100,000/ QALY if compliance rate was > 67 % or vaccine cost was < $156 per dose. In probabilistic sensitivity analysis, "vaccination at 70 plus one booster" was preferred at a willingness-to-pay of up to $135,000/QALY. CONCLUSIONS: Under current assumptions, initiating HZ vaccine at age 70 years with one booster dose 10 years later appears optimal. Future data regarding compliance with or efficacy of a booster could affect these conclusions.
INTRODUCTION
Herpes zoster (HZ) is a painful dermatomal vesicular rash afflicting almost one in three adults. 1 Of the approximately one million Americans who experience HZ annually, 8-32 % develop postherpetic neuralgia (PHN), an often debilitating pain persisting greater than 3 months. 2 The frequency and severity of HZ and PHN increase with age, especially after 50 years. 1 Because antiviral therapy has limited effectiveness, efforts have focused on prevention. 3 The live attenuated Oka strain VZV vaccine reduces the incidence of HZ, PHN and their associated burden-of-illness (BOI) among people ≥ 50 years of age, [4] [5] [6] [7] but the Advisory Committee on Immunization Practices (ACIP) recommends the vaccine only for adults aged ≥ 60 years, 8 in part because the vaccine appears not to be cost-effective below this age. 9 For adults younger than 60 years, this policy is a de facto recommendation to be vaccinated on turning 60 years. Because vaccine efficacy declines to zero over approximately 10 years, 4 the current recommendation could leave adults lacking protection after age 70, when PHN is most prevalent. A booster dose administered after 10 years might extend protection, but the cost-effectiveness of a booster strategy has not been examined.
Recently, a clinical trial assessed the safety and immunogenicity of a 10-year booster dose administered to adults aged ≥70 years and found it to be safe and to produce antibody responses similar to those of patients vaccinated for the first time. 10 The discovery of waning immunity and the possibility of one or more booster doses add complexity to the decision about when to vaccinate. Early vaccination with one or more boosters should be most effective, but could be expensive. Waiting to vaccinate until rates of HZ and PHN begin to rise might prevent a substantial proportion of disease at lower cost. We used a Markov decision model to examine the costeffectiveness of competing vaccination schedules incorporating new data on vaccine persistence, 4 and safety and immunogenicity of a booster dose. 10 
METHODS
We updated a previously published Markov model 9, 11 (online Appendix Figure 1 ) and compared the cost-effectiveness of 11 strategies: no vaccination, one-time vaccination at 5-year intervals from 60 to 80 years, vaccination at 5-year intervals from 60 to 75 years with a booster after 10 years, and vaccination at 60 years with two boosters 10 years apart. The entire cohort entered the model at age 60 and was followed for a lifelong time horizon (or to age 120) with a Markov-cycle length of 1 year. People could receive no vaccine or one of the Electronic supplementary material The online version of this article (doi:10.1007/s11606-016-3844-6) contains supplementary material, which is available to authorized users. Compared to the unvaccinated group, vaccinated patients had a reduction in disease incidence and complications proportional to vaccine efficacy, which waned over time. Following a booster, vaccine efficacy increased and then waned at the same rate as following initial vaccination. Model inputs were derived from the medical literature. Model outputs, including costs (vaccine and disease treatment costs) and outcomes (the number of HZ cases, PHN cases, and quality-adjusted life years or QALYs), were computed for each strategy. Based on the mid-range of the World Health Organization recommendation, 27 we chose $100,000/QALY as the costeffectiveness threshold. The study was conducted from the societal perspective. Costs and QALYs were discounted at 3 %. Costs were expressed in 2014 US dollars. The medical care component of the Consumer Price Index was used to adjust for inflation. 28 We developed the model in TreeAge
Pro 2014 (TreeAge Software, Williamstown, MA).
Model Inputs and Assumptions
Estimates and ranges for the base-case and sensitivity analyses are presented in Table 1 . Important inputs are described below. Epidemiologic Parameters. The incidence of HZ began rising before varicella vaccine was introduced. 1, 12, 29 It could represent better reporting, lack of natural boosting from exposure to chicken pox, or other factors. To estimate this increasing rate, we fit several linear regressions using the sex-specific incidences for people aged ≥ 65 during 1993-2006, as reported in the most comprehensive observational study of increasing HZ incidence. 12 We then took the age-and sex-specific incidence from the largest HZ study in the U.S. 13 as the baseline and applied the regression slopes to project incidences for 2010 (the latest year of rising incidence). We assumed incidence then remained stable because varicella vaccination has been implemented universally for 15 years 30 and advertising for Zostavax had raised general awareness. Moreover, our projected incidence for 2010 exceeded carefully adjudicated incidence among unvaccinated controls from 2010-2014. 31 Age-specific incidence of PHN, defined as HZ pain persisting ≥ 3 months, was based on the Shingles Prevention Study (SPS). 5 Age-specific HZ hospitalization rates were modeled on a large managed care organization. 16 HZ age-specific mortality rates were drawn from the CDC. 17 Estimates and derivations of other complications have been described previously. 11 We used the 2010 US life tables to derive background age-and sex-specific mortality. 32 The sex distribution reflected the 2013 US population. 33 Vaccine-Related Parameters. The SPS, a randomized trial of the live attenuated HZ vaccine, reported efficacy up to 4 years post-vaccination. 5 After its completion, a subset of participants was re-enrolled for the Short-term Persistence Substudy (STPS), 7 which reported efficacy up to 7 years postvaccination. The Long-term Persistence Substudy (LTPS) reported efficacy from 7 to 11 years post-vaccination. 4 The SPS, STPS, and LTPS reported three efficacy end points: BOI, PHN incidence, and HZ incidence. 4, 5, 7 BOI measured total pain from HZ for 182 days after disease onset. Efficacy for BOI was reported for the whole population, most of whom had a BOI of zero. It therefore incorporated the vaccine's impact on HZ incidence, as well as severity of pain from either HZ or PHN in the first 6 months. Efficacy against HZ and PHN incidence was also reported for the entire population. In order to separate these different vaccine effects, we first estimated the efficacy for HZ incidence by year since vaccination. We then estimated the additional efficacies for BOI and PHN incidence among HZ cases by developing an equation to describe the relationship between the efficacy for HZ incidence and the overall efficacy for BOI or PHN incidence of the entire population (see online Appendix). The efficacy function for HZ incidence was: y = -0.0544 × year + 0.6478, for BOI: y = *Although vaccine price is variable, it is determined by the manufacturer and not uncertain. Therefore, we did not define a probabilistic distribution for vaccine price 26 †Ranges for one-way sensitivity analysis generally represent 95 % confidence intervals, except for costs, where wider ranges were tested ‡Because the compliance rate is unknown, the range is from 0 to 1 § For model inputs with age-specific values, the distribution was first defined for the lowest age group, which was considered as the reference. Distributions for remaining age groups were determined by multiplying relative likelihood ratios among these ages and the reference age by the reference distribution. Because the value was drawn randomly from the distribution in PSA, this definition of distributions ensured that the probabilistic values of different age groups had the appropriate relative magnitudes compared with one another as when they were deterministic. 9 HZ herpes zoster, PHN postherpetic neuralgia, BOI burden-of-illness, QALY quality-adjusted life year, PSA probabilistic sensitivity analysis, NA not applicable -0.0437 × year 0.7083, and for PHN incidence: y -0.1 × year + 1.218 (online Appendix Figure 2 ). Initial efficacy against HZ incidence was further adjusted for vaccination age using age-specific likelihood ratios calculated from the SPS. 20 A recent study showed that a booster administered after ≥ 10 years had similar safety and immunogenicity as a first dose among people ≥70 years. 10 We assumed that a booster dose would have the same efficacy as an initial dose administered at that age.
Compliance with multi-dose vaccine schedules varies by vaccine, but is consistently low among all age groups. [34] [35] [36] In our base-case, we assumed 60 % compliance (i.e., the percentage of patients who would receive a booster), based on older adults' compliance with tetanus boosters. 19 QALYs. Utility estimates have been described previously.
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QALY loss due to HZ was estimated using the average BOI scores from SPS. The scores were transformed into utilities based on a study that reported both BOI scores and EuroQOL-5D utilities. 23 The utility of PHN beyond 6 months was based on the work of Edmunds et al. 21 We assumed serious vaccine reactions represented allergic reactions and resulted in hospitalization with a utility of zero. Length of stay was based on hospitalizations for allergic reactions. 18 Utilities were adjusted for age. 37 Costs. We derived costs from various sources. We used the CDC's private sector vaccine price. 24 Vaccine administration was based on the Medicare rate. 25 Serious reactions were assumed to cost the same as allergic reactions requiring hospitalization. 18 Local reactions were minimal and assumed not to incur costs. Direct medical costs for treatment of acute HZ, PHN, ocular complications, and herpes oticus were based on our previous study. 11 Productivity loss due to HZ was estimated as described previously, 9 and age-adjusted to reflect the percentage of people in the labor force. 38 The 2012 Health Care Utilization Project was used to estimate the length of stay and hospitalization costs (ICD-9-CM codes 053.0-053.9 for HZ and 995.27 for allergic reactions). 18 
Sensitivity Analysis
One-Way Sensitivity Analysis. We conducted one-way sensitivity analysis to examine the effect of all epidemiologic, vaccine-related and utility parameters on the cost-effectiveness of vaccination strategies. Two-Way Sensitivity Analysis. We conducted two-way sensitivity analysis by varying the initial efficacy against HZ incidence and its annual waning rate, and vaccine cost against compliance rate. Finally, we varied vaccine cost and the initial efficacy against HZ incidence.
Probabilistic Sensitivity Analysis. We employed 10,000 iterations of Monte Carlo simulation simultaneous varying all model inputs. We displayed the results as a costeffectiveness acceptability curve showing the percentage of iterations that each strategy had an ICER below a specific willingness-to-pay (WTP) threshold.
Model Validation
We validated our model by summing the annual cases of HZ and PHN, and BOI scores in the vaccinated and non-vaccinated groups, and then calculating the vaccine efficacy for time periods corresponding to the SPS, STPS, and LTPS. 4, 5, 7 Due to the lack of detailed information on sex distribution by age of SPS participants, we applied the overall sex distribution equally across age groups and estimated efficacy for people aged 60 and 70 years separately. We then weighted the efficacy by age distribution for 60-69 and ≥ 70 years to reflect that of the SPS.
RESULTS

Model Validation
Modeled efficacies for HZ incidence, PHN incidence, and BOI were very close (within 1-3 percentage points) to those reported in the trials (online Appendix Table 1 ). Figure 1 shows the number of HZ and PHN cases prevented and QALYs gained per 1000 vaccinated persons for each strategy compared to no vaccination. If no booster was available, "vaccination at 70" prevented more cases and produced more QALYs. Adding a booster after 10 years was always more effective than one-time vaccination at the same age. Finally, "vaccination at 60 plus two boosters" prevented the most cases and produced the most QALYs.
Sensitivity Analysis
One-Way Sensitivity Analysis. Within the plausible parameter ranges for all variables, the four non-dominated strategies and their ordering did not change. Figure 2 displays all inputs that changed the ICER of "vaccination at 60 plus two boosters" by >10 %. "Vaccination at 60 plus two boosters" would be the most cost-effective strategy at $100,000/QALY if compliance rate was > 67 %, QALYs lost due to HZ was equal to the lower bound of the 95 % CI, vaccine cost was < $156/dose, initial vaccine efficacy against HZ incidence was > 69.2 %, waning rate of efficacy against HZ incidence was < 4.5 %/year, or probability of having a serious vaccine reaction was < 0.27 %.
Two-Way Sensitivity Analysis. We found that "vaccination at 60 plus two boosters" was preferred at a threshold of $100,000/QALY if initial vaccine efficacy was high and the rate of decline was low (Fig. 3-a) . At a higher compliance rate, Figure 2 . Tornado diagram of incremental cost-effectiveness ratio (ICER) of the "vaccination at 60 plus two booster doses" strategy. The diagram was limited at $500,000/QALY as the upper threshold because the strategy would be extremely non-cost-effective above that. The vertical line represents base-case ICER. HZ, herpes zoster; PHN, post-herpetic neuralgia; QALY, quality-adjusted life year. Note: * Ranges for these age-specific parameters are specified in Table 1 , with the highest values leading to the leftmost ICERs. Lower or upper bounds of the ranges for all age groups were applied at the same time to maintain their age-specific relative magnitude. Figure 1 . Clinical effectiveness of different vaccination strategies compared to no vaccination. Adding a booster was always more effective, i.e., preventing more cases and gaining more QALYs, than one-time vaccination in the same age. "Vaccination at 60 plus two boosters" was the most effective strategy, preventing the most number of cases and producing the highest number of QALYs. HZ, herpes zoster; PHN, postherpetic neuralgia; QALY, quality-adjusted life year.
"vaccination at 60 plus two boosters" was preferred unless the vaccine cost was high (Fig. 3-b) . Finally, the lower the vaccine cost and the higher the initial efficacy against HZ incidence, the more cost-effective the "vaccination at 60 plus two boosters" was ( Fig. 3-c) .
Probabilistic Sensitivity Analysis. Figure 4 shows the probability of each strategy being preferred (i.e., offering the greatest number of QALYs) at different WTP thresholds. Between $40,000/QALY -$135,000/QALY, "vaccination at 70 plus one booster" was most likely to be preferred. At $100,000/QALY threshold, "vaccination at 60 plus two boosters" had only 35 % probability of being preferred.
DISCUSSION
Recent information about waning efficacy of HZ vaccine, as well as the safety and immunogenicity of a booster, raise questions regarding the optimal age to vaccinate and whether a booster dose is cost-effective. We used a decision analytic model that incorporated these new data to compare the lifetime benefit and cost-effectiveness of administering first-time vaccination and boosters at different ages. Assuming a WTP threshold of $100,000/QALY, we found "vaccination at 70 plus one booster" to be the optimal immunization schedule.
Vaccinating earlier prevented more cases of HZ, but avoided fewer cases of PHN due to a lower PHN incidence at younger ages. Because PHN has more impact on quality of life, later vaccination and boosting produced more QALYs. However, waiting too long produced fewer QALYs because patients were unprotected during high incidence years prior to vaccination.
Although "vaccination at 60 plus two boosters" prevented the most cases, it was very expensive and not cost-effective under base-case assumptions. However, if the vaccine were to cost < $156/dose or if > 67 % of patients received a booster dose, then "vaccination at 60 years plus two boosters" would cost < $100,000/QALY. Using our best estimates for these values, and varying all model inputs simultaneously, "vaccination at 60 plus two boosters" had only a 35 % chance of being cost-effective. "Vaccination at 70 plus one booster" was always the most likely to be cost-effective within the WTP range of $40,000/QALY and $135,000/QALY.
In agreement with previous analyses, 39-42 our study confirmed that if a one-time vaccination (as currently recommended) were being considered, vaccination at age 70 would be optimal. Moreover, our study highlights the unintended consequence of offering one-time vaccination at age 60. Because of waning immunity, patients vaccinated at age 60 receive 42 % less lifetime protection against PHN than those vaccinated at 70.
In 2015, a new adjuvanted subunit HZ vaccine (HZ/su) was demonstrated to prevent 97 % of HZ cases over 3 years. 31 Although the duration of protection is unknown, the licensing Figure 3 . Two-way sensitivity analysis of impact of different combinations of variables using a willingness-to-pay threshold of $100,000/quality-adjusted life year gained. Letter X denotes basecase. a Initial efficacy at vaccination and annual waning rate of the efficacy against herpes zoster incidence. b Vaccine cost and compliance rate. c Vaccine cost and the initial efficacy against herpes zoster incidence at vaccination.
of HZ/su vaccine (expected in late 2016) should change the HZ vaccination paradigm. Based on our sensitivity analysis, given the new vaccine's efficacy, "vaccination at 60 plus two boosters" would be the optimal strategy if the vaccine cost ≤ $388 for the two-dose regimen. However, until the vaccine is licensed, the cost will not be known. In addition, 96 % of patients in the randomized trial received both doses. 31 Other two-dose series, such as hepatitis A vaccine, have completion rates closer to 65 %. 34 Thus the new vaccine's effectiveness may be substantially lower than in the trial, and vaccination beginning at 70 years may still be preferred.
Our study has limitations. First, several variables relating to the booster are unknown. While it is reasonable to assume the booster will cost the same as initial vaccination, it will be years before we determine the booster's efficacy and compliance rate. Second, efficacy of HZ vaccine was based on the LTPS, an observational study using historical controls. 4 Additional long-term trials are unlikely. Third, we assumed that the incidence of HZ stopped rising after 2010 because we could not assume an unlimited upward trajectory. Carefully adjudicated events from the recent vaccine study suggest our rates may be too high, 31 but even a continued increase in incidence would not change the optimal vaccine schedule. Finally, we lacked contemporary estimates of costs associated with HZ and PHN; consequently, we inflated previous estimates to 2014 dollars, but our findings were insensitive to these costs.
Our study appears to be the first to incorporate trial data regarding long-term efficacy and persistence 4 and the first U.S. study to address cost-effectiveness of vaccination strategies that include boosters. Our findings have important implications. The current ACIP recommendation is to administer one dose of vaccine to patients aged ≥ 60 years. However, because efficacy beyond 10 years is limited, vaccination at age 60 appears to be one of the most expensive and least effective strategies. Based on our model, delaying vaccination by 10 years should reduce costs while improving outcomes. Adding a booster dose after 10 years should offer additional gains at reasonable cost. For patients who can afford it, beginning vaccination at age 60 followed by two booster doses 10 years apart would be most effective, but at a price which cannot be universally advocated. One potential exception would be if the compliance with the booster exceeded 67 %, then beginning vaccination at age 60 could be considered cost-effective. However, older adults' compliance with a tetanus booster, which also has a 10-year interval, remains at 60 %. 19 In light of the data on waning efficacy, the ACIP may want to reconsider their recommendation. For patients already vaccinated, a booster appears to be in order. However, future vaccination efforts will likely have to be divided between delivering the initial vaccination and encouraging patients to get boosters. Following approval of HZ vaccine, uptake has been slow, hampered by high cost, vaccine shortages and lack of familiarity. 43, 44 Although vaccination rates have begun to rise, 19 the impact of a booster recommendation on vaccine supply and initial vaccination rates is unknown. One way to mitigate between these competing needs would be to focus on vaccinating all patients above age 70, whether they are unvaccinated or have been vaccinated at least 10 years ago. By simply not vaccinating patients in their 60s, physicians would ensure that all remaining strategies were cost-effective. Following several years of widespread booster use, we should be able to determine the booster's effectiveness and compliance rate. We will also have data on the cost and effectiveness of the adjuvanted subunit vaccine. At that time, it may be appropriate to revisit the recommendations. In the interim, current recommendations appear to be the least effective, and unnecessarily expensive. 
